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Abstract
We discuss different sources of fluctuations in nuclear collisions and their realiza-
tion in the IP-Glasma model. We present results for multiplicity distributions
in p+p and p+A collisions and compare eccentricity (ε2, ε3, ε4) distributions in
A+A collisions to the vn distributions in 10 centrality classes measured by the
ATLAS collaboration.
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1. Introduction
The Color Glass Condensate (CGC) effective field theory [1] describes the
generation of a dynamical transverse momentum scale Qs ≫ ΛQCD at high
energies, below which gluon fields saturate at occupancies of order 1/αs. If the
coupling runs as a function of this dynamical scale, αs(Qs)≪ 1, weak coupling
methods can be used to compute quantities that were believed previously to be
intractable. This includes gluon production at low momenta where conventional
perturbative methods would fail.
In this paper we use the CGC based IP-Glasma model [2, 3] to compute mul-
tiplicity distributions in proton-proton, proton-lead, and lead-lead collisions, as
well as the initial shape of the collision, which we characterize by its eccentrici-
ties.
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2. IP-Glasma model
The IP-Glasma model is described in detail in [2, 3]. It combines the IP-Sat
model [4], which determines Qs of a hadron or nucleus as a function of the
gluon longitudinal momentum fraction x and the transverse spatial position in
the hadron or nucleus. The parameters of the model are determined by fits to
deeply inelastic scattering data from HERA [5].
The IP-Glasma model samples nucleon positions for nuclei and uses the
IP-Sat Qs distribution to compute the color charge density in the incoming
hadrons/nuclei before the collision. It then samples individual color charges
from this distribution. These moving color charges constitute the currents en-
tering the classical Yang-Mills equations which determine the gluon fields within
the fast moving hadrons/nuclei.
Finally, the fields at the moment of the collision are determined and evolved
forward in time by means of the Yang-Mills equations. This provides the field
energy-momentum tensor which can be used to generate initial conditions for
hydrodynamic simulations [6]. One can further obtain gluon multiplicity dis-
tributions, which we will present in Section 3. In Section 4 we discuss how to
extract the spatial energy density distribution from T µν, determine its eccentric-
ities εn, and compare their distributions with experimental data for distributions
of anisotropic flow coefficients vn.
3. Multiplicity distributions
In this section we present results for multiplicity distributions in p+p and
p+Pb collisions. In [7] we discussed how fluctuations of gluon numbers in a
flux tube, that were neglected in the first implementation of the IP-Glasma
model, can widen the distribution and achieve better agreement with the ex-
perimental data. There should be additional fluctuations in the hadronization
process, leading to varying numbers of hadrons from a given number of gluons,
also widening the theoretical multiplicity distribution. In Fig. 1 we show the
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Figure 1: Charged hadron multiplicity distribution in 7TeV p+p collisions compared to exper-
imental data by the CMS collaboration [8]. Result with and without additional fluctuations
from fluctuating gluon numbers per flux tube.
result for the gluon multiplicity distribution with and without Gaussian fluctu-
ations in the gluon number and compare to the experimental charged hadron
multiplicity obtained by the CMS collaboration [8]. The Gaussian gluon num-
ber fluctuations widen the distribution but do not reproduce its shape exactly.
A modified distribution for these number fluctuations, inclusion of the NLO
jet graph for gluon production and additional fluctuations from hadronization
processes will modify the shown result and potentially lead to better agreement
with the experimental data.
The same arguments hold for the multiplicity distribution in p+Pb colli-
sions that are shown in Fig. 2, where we compare to uncorrected preliminary
experimental data by the CMS collaboration [9, 10].
4. Eccentricity distributions in Pb+Pb collisions
Next, we present event-by-event eccentricity distributions in 2.76TeV Pb+Pb
collisions for 10 centrality bins, comparing to experimental data for flow har-
monics distributions by the ATLAS collaboration [11]. Results are shown in
3
10-6
10-5
10-4
10-3
10-2
10-1
100
101
 0  1  2  3  4  5  6  7
P(
N c
h/〈
N
ch
〉)
Nch/〈Nch〉
 IP-Glasma 
 CMS preliminary Ntrack
Figure 2: Charged hadron multiplicity distribution in 5.02TeV p+Pb collisions compared
to uncorrected experimental data for Ntrack by the CMS collaboration [9, 10]. Result with
additional fluctuations from fluctuating gluon numbers per flux tube.
Figs. 3 to 6. Eccentricities εn =
√
〈rn cos(nφ)〉2 + 〈rn sin(nφ)〉2/〈rn〉 are deter-
mined by using the energy density ε as the weight in the spatial average 〈·〉.
The energy density follows from solving uµT
µν = εuν , where uµ are the fluid
flow velocities and T µν is the field energy momentum tensor.
The eccentricities εn are good predictors of the harmonic flow coefficients
vn up to corrections from non-linear hydrodynamic evolution [6, 12]. This is
why their distributions, after dividing by the mean value 〈εn〉, provide a good
description of the vn/〈vn〉 distributions. The non-linear corrections are impor-
tant for the description of the large vn tail of the distributions [6]. This can be
seen in the plots of v2 and v4 for centralities > 25%. The reason is that the
eccentricities miss the contribution to v4 from non-linear coupling to the second
harmonic and vice versa. Certain events with a large ε2 will generate a large
contribution to v4 during the here neglected evolution. In the large v4 tail of
the distribution even few such large ε2 events will make a significant difference.
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Figure 3: Eccentricity εn distributions from the IP-Glasma model for n ∈ {2, 3, 4} compared
to flow harmonic vn distributions measured by the ATLAS collaboration [11].
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Figure 6: Eccentricity εn distributions from the IP-Glasma model for n ∈ {2, 3, 4} compared
to flow harmonic vn distributions measured by the ATLAS collaboration [11].
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